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Layered double hydroxides intercalated with dodecylsulfate or dodecylbenzenesulfonate were synthe-
sized by co-precipitation under alkaline conditions. After characterization by PXRD, FTIR, and TGA/
DTA, the ZnxAl/SUR compounds were reacted with neutral benzophenone, using different procedures.
The products obtained from benzophenone adsolubilization were investigated by PXRD, FTIR, and
DRUV–Vis spectroscopy before and after exposure to UV radiation. In general, the content of adsolubi-
lized benzophenone was small and depended on the synthetic procedure. The best results were achieved
under microwave irradiation, which furnished 9.09 wt% adsolubilized benzophenone. The products pre-
sented good adsorption in the full UV region, from UVC to UVA, and good stability to UV radiation. They
did not cause skin irritation in tests conducted on rabbits, which makes them good candidates for the
development of a new generation of sunscreens.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Layered double hydroxides (LDHs) are based on the brucite
(Mg(OH)2) structure and have the generic formula ½M2þ1xM3þx
ðOHÞ2xþðAnÞx=n  yH2O. In LDHs, part of the M2+ cations is replaced
with M3+ cations, which gives rise to a net positive charge in the
layers, compensated by intercalation of An anions in the interlayer
domain [1].
Several anionic species, such as simple anions or even more
complex structures like DNA and polymers, can be intercalated be-
tween the LDH layers [2–4]. In the literature, there are different
studies on the intercalation of molecules displaying solar protec-
tion activity between the layers of clay minerals [5,6], LDHs [7–
13], and layered hydroxide salts [14,15], which has led to a new
class of sunscreens.
Sunscreen products stop the UV photons before the latter reach
the skin and damage it. These products contain organic molecules
capable of absorbing UV radiation as well as inorganic compounds
that absorb, scatter, and reﬂect UV radiation. Most UV-active or-
ganic molecules used as ingredients in sunscreens can penetrate
into the skin, causing cutaneous reactions such as contactll rights reserved.
ino), lisboa.silva.fabio@gmail.
dos Santos Pyrrho), valeria@
ypych).dermatitis, non-immunological phototoxic contact reactions, aller-
gies, and photoallergic reactions, among other effects [16,17].
One way to reduce the absorption of organic sunscreens
through the skin is to immobilize the organic UV absorber onto
inorganic matrixes, and intercalation compounds are one of the
best-known alternatives. After intercalation, the organic absorber
retains its activity, whereas the majority of its molecules do not
establish contact with the skin. This prevents many of the prob-
lems related to the absorption of these organic molecules, which
enter the body through the skin.
Although many studies on the intercalation/adsorption of or-
ganic UV absorbers into layered compounds like clay minerals,
LDHs, and layered hydroxide salts have been published, there are
no reports on their adsolubilization. The latter process is interest-
ing because a number of UV organic absorbers are neutral and can-
not be intercalated into above mentioned compounds, since the
species to be intercalated has to bear either positive or negative
charge.
Adsolubilization or co-adsorption is a phenomenon analogous
to micelle solubilization in aqueous solution [18]. It consists in
the adsorption of surfactant molecules capable of assembling at
the surface of the solid. As a result, the polarity of the surface is
changed, improving the solubility of poorly soluble molecules that
would not be adsorbed by the solid in the absence of the surfac-
tant. In the case of layered compounds such as LDH, the organic
phase, composed of an anionic surfactant like dodecylsulfate or
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environment, thereby altering the chemical characteristics of the
layers and increasing their afﬁnity for non-polar and non-ionic
species [19]. Indeed, there are many examples of the adsolubiliza-
tion of different organic molecules into LDH in the literature [20–
22].
In previous works by our research group, we have described the
intercalation of anionic UV-absorbers into different layered com-
pounds. The present paper extends this work to neutral molecules
and uses the adsolubilization process for entrapment of
benzophenone.
Benzophenone absorbs UV radiation, provides broad-spectrum
UVB and UVA protection, and is inexpensive. Moreover, according
to the classiﬁcation by the Food and Drug Administration (FDA)
agency within the US Department of Health and Human Services,
benzophenone-3 and benzophenone-4 are safe and effective,
over-the-counter (OTC) sunscreen ingredients. Although benzo-
phenone is considered to be safe, recent studies have associated
it with photoallergic contact dermatitis [23]. Furthermore, there
is evidence that benzophenone-3 is absorbed in the gastrointesti-
nal tract and bioaccumulated in the human body [24], not to men-
tion that it has been linked to endometriosis [25].
This work targeted the adsolubilization of benzophenone into
anionic surfactants intercalated into LDH, in order to avoid the di-
rect contact of this organic UV absorber with the skin, protect the
molecule from photodegradation, and enhance its UV adsorption.2. Materials and methods
Organic and inorganic reagents were analytical grade and were
used without further puriﬁcation. Benzophenone (Merck, purity
>99%) was selected as a representative ultraviolet absorber, and so-
dium dodecylbenzenesulfonate (95%, Aldrich) or sodium dodecyl-
sulfate (90%, Synth) was employed as the guest species. Inorganic
starting materials such as zinc chloride (97%, Vetec), aluminum
chloride hexahydrate (99.5%, Vetec), and sodium hydroxide (99%,
Vetec) were of guaranteed reagent grade.
2.1. Synthesis of compounds containing intercalated anionic
surfactants
LDHs were synthesized by co-precipitation in alkaline pH
[26,27]. To control the density of the intercalated surfactant pillars
and obtain different empty spaces for the adsolubilization of ben-
zophenone, three synthetic procedures were carried out, using dif-
ferent Zn/Al molar ratios, 2:1, 3:1, and 4:1. The compounds were
labeled ZnxAl/SUR, where ‘‘x’’ corresponds to the proportion of Zn
in the formula and SUR is the anion of the surfactant; that is, dode-
cylsulfate (DDS) or dodecylbenzenesulfonate (DBS).
A 1 Mol/L NaOH solution and a solution of the divalent and tri-
valent salts (Ex.: Zn+2/Al+3 2:1 200 mL of 0.236 Mol/L of
ZnCl2 + 0.118 Mol/L of AlCl36H2O) were prepared with distilled
and decarbonated water (Table 1). Both solutions were addedTable 1
Mass of salts used and pH adjusted during the synthesis of the layered double
hydroxides.
Samples ZnCl2
(mmol)
AlCl36H2O
(mmol)
Surfactant Na salt
(mmol)
pH
Zn2Al/DDS 47.21 23.61 94.43 7.5
Zn3Al/DDS 58.53 19.51 78.05 8.5
Zn4Al/DDS 66.35 16.59 66.36 9.0
Zn2Al/DBS 47.21 23.61 94.43 7.5
Zn3Al/DBS 58.53 19.51 78.00 8.5
Zn4Al/DBS 66.35 16.59 66.00 9.0dropwise to a reactor (around 3 h) containing the SUR sodium salt
dissolved in 100 mL of water, which was calculated to be in excess
of 4 times in relation to the content of M3+. The reaction and the
ripening process (24 h) were conducted at room temperature, un-
der nitrogen ﬂow, magnetic stirring, and virtually constant pH. The
solid was isolated by centrifugation and redispersed with water in
an ultrasonic bath. This process was repeated 5 times, and the solid
was dried at 60 C in a vacuum oven until constant weight.
2.2. Preparation of the adsolubilization compounds
The previously synthesized LDHs intercalated with SUR
(2 mmol) were mixed with benzophenone (8 mmol) in three dis-
tinct batches of experiments. For the ﬁrst batch, the mixture was
added to a Teﬂon vessel placed inside a steel reactor and kept in
a drying oven working at 80 C, for 12 days. The products resulting
from this batch were designated ZnxAl/SURbf, where ‘‘b’’ refers to
benzophenone and ‘‘f’’ to fused state. The second batch was pre-
pared following the same procedure employed for the ﬁrst batch,
except that the benzophenone (8 mmol) was dissolved in diethyl
ether. This sample was named ZnxAl/SURbe, where ‘‘e’’ corresponds
to ether. For the third batch, the reaction was accomplished in a
domestic microwave oven for 2 min, with the power ﬁxed at
40%. This sample was labeled ZnxAl/SURbm, where ‘‘m’’ stands
for microwave.
After the experiments, the compounds were double-washed
with diethyl ether, centrifuged twice at 3000 rpm, and dried at
room temperature in a rotary evaporator (rotavap).
2.3. Investigation of the UV photostability of the adsolubilization
products
In order to verify the UV photostability of the adsolubilization
products, some of the samples were submitted to UV irradiation
for 2 h, and the spectra were collected by diffuse reﬂectance ultra-
violet–visible spectroscopy (DRUV–Vis) in 30-min intervals. The
radiation was generated with the aid of a 125-W mercury vapor
bulb, without the protecting glass bulb. The samples were depos-
ited on a glass sample holder and positioned 10 cm away from
the UV source. The radiometer detected an intensity of 1.2 mV/
cm2.
2.4. Skin irritation test
The skin irritation tests were performed according to the guide-
lines published in the compendium of the Cosmetics Toiletries and
Fragrance Association (CTFA) for the safe testing of cosmetics [28].
Specimens (10%, w/v) were prepared by dispersing the compounds
in glycerol (Pharmanostra, Rio de Janeiro, Brazil), to ensure good
contact with the skin. Each sample was tested in three male New
Zealand white rabbits weighing 2–2.5 kg. The sample was applied
on the dorsal area, which had been shaved on the previous day. The
6-cm2 area of the skin was divided into four quadrants, two of
them were superﬁcially scratched using a sterile needle and the
other two were kept intact. The tested substances were uniformly
applied in the four quadrants, in a single dose. The application area
was covered with gauze and porous tape for occlusive protection.
The skin reactions, such as erythema or edema, were evaluated
by means of the Draize score 4 h after application [29,30]. After
the exposure time, the sample was removed with distilled water.
Primary skin irritation was assessed immediately after the test
substance was removed, 24 h after the application, and on the next
seven consecutive days. For evaluation of cumulative skin irrita-
tion, the product was removed and reapplied using the same pro-
cedure after 4 h of occlusion. The integrity of the skin was
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2θ (degree)2.5. Characterization
Powder X-ray diffraction (PXRD) patterns were recorded with a
Shimadzu XDR-6000 instrument (Bragg-Brentano geometry), using
Cu Ka radiation (k = 1.5418 Å) at 30 mA and 40 kV, step of 0.02
and a dwell time of 2/min. The samples were placed on neutral
glass sample holders and gently hand-pressed prior to analysis.
FTIR spectra were acquired on a Bio-Rad FTS 3500GX instru-
ment, using approximately 1% of the sample pressed into spectro-
scopic grade KBr at 10 ton. The measurements were performed in
the transmission mode with accumulation of 32 scans and re-
corded with a nominal resolution of 2 cm1.
Thermal analysis (thermogravimetry (TGA) and differential
thermal analysis (DTA)) were conducted in 150-lL alumina cruci-
bles, using a Mettler–Toledo TG/SDTA 851e thermoanalyzer,
50 mL/min oxygen ﬂow, and heating rate of 10 C/min. The TGA
and DTA curves were recorded between 30 and 1000 C.
Diffuse reﬂectance ultraviolet–visible (DRUV–VIS) spectra were
obtained at room temperature, in the region of 200–700 nm, at
intervals of 0.5 nm, with a Hewlett Packard-8452A-Diode Array
spectrophotometer.
High-performance liquid chromatography (HPLC) was accom-
plished on a Waters 600E instrument equipped with autosampling
and Photodiode Array Detectors (PDA). Separations were per-
formed on a C18 waters column using isocratic elution with 70%
acetonitrile and 30% water at a ﬂow rate of 1.0 mL/min. The sample
was ﬁltered through a 0.22 lm syringe ﬁlter before injection into
the HPLC system. The detection wavelength was set at 285 nm.
In the quantiﬁcation of the adsolubilized benzophenone, we uti-
lized an external standard and constructed the calibration curve
using high purity benzophenone. The samples were prepared by
dissolving 0.20 g of ZnxAl/SUR in 1.5 mL of hydrochloric acid
(35%), followed by addition of 20 mL of distilled water. Liquid/li-
quid extractions were then performed by carrying out successive
washings with diethyl ether. The organic fraction was dried in a
rotoevaporator, at room temperature, and 1 mL of acetonitrile
was added to the extracted fraction. The solution was ﬁltered to
vials for analysis.Fig. 1. PXRD patterns of LDHs intercalated with (A) DBS – (a) Zn2Al/DBS, (b) Zn3Al/
DBS, and (c) Zn4Al/DBS and (B) DDS (a) Zn2Al/DDS, (b) Zn3Al/DDS and (c) Zn4Al/DDS.3. Results and discussion
Fig. 1 shows the PXRD patterns of the LDHs synthesized with
three different Zn/Al molar ratios, 2:1, 3:1, or 4:1, intercalated with
an anionic surfactant, DBS or DDS. We indexed the diffraction
peaks according to the rombohedral unit cell, in the spatial group
R-3 m, the most frequent LDH polytype obtained for the Zn/Al
composition [32,33]. For the LDH intercalated with DBS (Fig. 1A),
we observed a series of basal diffraction peaks at the beginning
of the pattern (indexed as 003–0024), which are typical of the
intercalation of surfactants between the LDH layers. The basal dis-
tances calculated from the PXRD patterns were 30.6, 30.4, and
30.7 Å for Zn2Al/DBS, Zn3Al/DBS, and Zn4Al/DBS, respectively,
which is expected for the intercalation of DBS anions in an intergi-
tated single layer arrangement.
We performed the same measurements for LDH intercalated
with DDS (Fig. 1B), and the basal distances were 26.1, 26.2, and
26.3 Å for Zn2Al/DDS, Zn3Al/DDS, and Zn4Al/DDS, respectively.These values are also consistent with the intercalation of DDS an-
ions in an intergitated single layer arrangement [22,34].
Using the (110) indexed peaks, we calculated parameter ‘‘a’’ of
the rombohedral unit cells, which varied from 3.055 Å in Zn2Al/
DBS to 3.068 and 3.085 Å in Zn3Al/DBS and Zn4Al/DBS, respectively
(see inset in Fig. 1A), and from 3.054 Å in Zn2Al/DDS to 3.076, and
3.080 Å in Zn3Al/DDS, and Zn4Al/DDS, respectively (see insert in
Fig. 1B). Knowing that the ionic radii of Al3+ and Zn2+ are 0.535
and 0.74 Å, respectively, the larger the amount of Al3+ that is incor-
porated into the structure, the smaller parameter ‘‘a’’, which mea-
sures the distance between two metals in the LDH layer [33].
Therefore, our data suggest that zinc atoms were replaced with
aluminum in the LDH structure.
We analyzed the thermal stability of both sets of samples, in or-
der to determine the temperature to which the samples could be
A.C.T. Cursino et al. / Journal of Colloid and Interface Science 397 (2013) 88–95 91heated when mixed with benzophenone. Fig. 2A presents the TGA
curves registered for Zn2Al/DBS, Zn3Al/DBS, and Zn4Al/DBS, and
Fig. 2B contains the TGA curves recorded for Zn2Al/DDS, Zn3Al/
DDS, and Zn4Al/DDS.
The thermal decomposition proﬁle of LDHs intercalated with
DBS (Fig. 2A) displayed two endothermic peaks with maximums
near 100 and 220 C (not shown), which can be attributed to the
removal of physisorbed/intercalated water and the start of frag-
mentation of the surfactant molecule, respectively. Thereafter,
continuous weight loss took place from 250 to 600 C. We noted
exothermic peaks with maximums at 529, 548, and 525 C for Zn2-
Al/DBS, Zn3Al/DBS, and Zn4Al/DBS, respectively (not shown). These
exothermic peaks can be assigned to the oxidation of organic mat-
ter, dehydroxylation of the inorganic matrix, and attainment of a
mixture of oxides.
The decomposition proﬁle of the LDH intercalated with DDS
(Fig. 2B) evidenced more deﬁned mass losses. We detected two
weight losses from room temperature until 250 C, with endother-
mic peak maximums situated around 100 and 210 C (not shown).
This was ascribed to the removal of physisorbed and intercalated0 200 400 600 800 1000
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Fig. 2. Thermogravimetric curves of LDHs intercalated with (A) DBS – (a) Zn2Al/
DBS, (b) Zn3Al/DBS, and (c) Zn4Al/DBS and (B) DDS – (a) Zn2Al/DDS, (b) Zn3Al/DDS
and (c) Zn4Al/DDS.water, respectively. Moving toward higher temperatures, we veri-
ﬁed three weight losses, namely endothermic peaks at 264 and
845 C and exothermic peak at 528 C for Zn2Al/DDS, endothermic
peaks at 261 and 833 C and exothermic peak at 453 C for Zn3Al/
DDS, and endothermic peaks at 282 and 830 C and exothermic
peak at 567 C for Zn4Al/DDS, which corresponded to oxidation
of the organic matter and the achievement of the respective mix-
ture of oxides. The last mass loss step at around 850 C can be re-
lated to the decomposition of the respective inorganic sulfates
[35].
Considering the sample dried at 150 C and heated up to
1000 C, the ﬁnal ash content on dry basis obtained for Zn2Al/
DDS and Zn2Al/DBS agreed well with the expected values (theoret-
ical = 40.69% and experimental = 40.54% for Zn2Al/DDS; theoreti-
cal = 36.51% and experimental = 36.75% for Zn2Al/DBS). For the
other Zn/Al ratios, the ash content was smaller than that predicted
by the nominal formula. Although PXRD indicated that more alu-
minum was incorporated in the LDH formula upon the use of
increasing Zn/Al molar ratio in the synthesis, the surfactant
content was almost constant. This is probably due to the higher5 10 15 20 25 30 35 40
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Fig. 3. PXRD patterns of Zn3Al-DDS (A) and Zn3Al-DBS (B) before and after
benzophenone adsolubilization. A = (a) Zn3Al-DDS; (b) Zn3Al-DDSbf; (c) Zn3Al-
DDSbe; (d) Zn3Al-DDSbm, and (e) benzophenone. B = (a) Zn3Al-DBS; (b) Zn3Al-
DBSbf; (c) Zn3Al-DBSbe; (d) Zn3Al-DBSbm; and (e) benzophenone.
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spaces building a single layer and probable co-intercalation of
the surfactant in the form of a sodium salt, especially in the higher
M+2/M+3 molar ratios. In fact, some samples were submitted to EDX
analysis and sodium was detected.
After characterization of the LDH matrixes, we initiated the
adsolubilization experiments. To promote interaction of benzophe-
none with LDH intercalated with one of the surfactants, we used a
temperature above the melting point of benzophenone (48.5 C),
but which was not high enough to identify any decomposition of
the intercalated LDH (above 150 C). We employed PXRD and FTIR,
to verify possible incorporation of benzophenone by the LDH.
The PXRD patterns of the surfactant-intercalated LDHs re-
mained almost the same after the adsolubilization of benzophe-
none. Only slight increases in the basal distances were detected.
Fig. 3 depicts the PXRD patterns of Zn3Al-DDS and Zn3Al-DBS.
In the presence of benzophenone, the PXRD patterns of Zn2Al/
DDS and Zn4Al/DDS revealed basal distances of 26.19 and 26.45 Å
(not shown), respectively, while the basal distance for Zn3Al-DDS
increased up to 3 Å (Fig. 3A). The basal distance also increased
slightly for Zn2Al/DBS and Zn4Al/DBS (not shown), 0.44 and
0.71 Å, respectively. In the case of Zn3Al/DBS (Fig. 3B), a basal
expansion of 2.92 Å was found in some cases, which was also
attributed to the inﬂuence of adsolubilized benzophenone.
Therefore, we inferred that benzophenone either contributed to0
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the intercalated surfactant anions [18,19].
To conﬁrm the presence of benzophenone in the ZnxAl/SUR
materials, we also recorded FTIR spectra. The FTIR spectrum of
pure benzophenone (not shown) displayed the characteristic
bands at 705, 765, and 813 cm1, assigned to the out-of-plane
bending of aromatic CAH bonds; and at 1594 and 1448 cm1, as-
cribed to axial deformation of the C@C bonds or the aromatic ring.
Bands typical of the axial deformation of the C@O bonds appeared
at 1653 cm1. The bands detected in the region of 3087–2998 cm1
are due to axial deformation of CAH bonds of the aromatic ring
[36,37].
The compounds Zn3Al-DDSbe, Zn3Al-DDSbm, and Zn3Al-DBSbm
(not shown) presented bands typical of benzophenone, superim-
posed onto the bands of the matrix and the intercalated surfactant.
These bands were absent in the other compounds, because of the
lower benzophenone concentration, as attested by HPLC.
Knowing that DRUV–Vis spectroscopy is very sensitive for the
detection of benzophenone, we employed this technique to ﬁnd
out whether benzophenone was present in the LDHs. Figs. 4 and
5 illustrate the solid DRUV–Vis spectra of ZnxAl-DDS and ZnxAl-
DBS and of the corresponding benzophenone adsolubilized prod-
ucts, respectively.
Because the LDH matrixes intercalated with surfactants do not
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broad bands, which were observed in the regions of 220–320 nm
and 320–370 nm for the LDH intercalated with DDS, can be attrib-
uted to p–p and np transitions, respectively [38,39]. The maxi-
mum absorption wavelengths veriﬁed at 249 and 359 nm for
benzophenone (maxima at 347, 359, and 374 nm) (Fig. 4C-e) were
displaced to 262 and 342 nm in the spectrum of Zn4Al-DDSbm
(Fig. 4C-d), correlating well with the other characterization tech-
niques. The band red shift detected after adsolubilization can be
explained by the solvent effect, since the intercalated surfactant
behaves as a solvent for benzophenone. It is known that the band
relative to the pp transition is more sensitive to the inﬂuence of
solvents. The polarity of the excited state is larger than that of the
fundamental state, so the former is more stabilized by the dipole–
dipole forces. As the polarity of the solvent increases, the maxi-
mum absorption frequency is delocalized to higher wavelengths
due to the formation of hydrogen bonds.
Without any reasonable explanation, in the case of the np
transition of C@O, the band is shifted to lower wavelengths
(blue-shifted) [38].
The DRUV–Vis spectra of the compounds Zn2Al-DDSbm
(Fig. 4A-d) and Zn2Al-DDSbf (Fig. 4A-b), in which the amount of
benzophenone were 9.09% and 1.77%, respectively, revealed that
both compounds absorbed in the UVA, UVB, and UVC range,29
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Even though DRUV–Vis is not a quantitative technique, this is an
interesting observation. Zn2Al-DDSbf, which contains 5 times less
benzophenone than Zn2Al-DDSbm, had only slightly reduced
absorption intensity. This is probably due to enhancement of the
benzophenone effect after its immobilization into the hydrophobic
two-dimensional environment of the surfactant. The differences
between the ZnxAl/SURbe and ZnxAl/SURbf, obtained under heating
in a conventional oven, and ZnxAl/SURbm, prepared in a micro-
wave oven, were signiﬁcant. These differences have been discussed
in the literature and have been mainly attributed to the fact that
microwave heating saves reaction time and reduces the number
of side products, especially in the case of organic synthesis [40–42].
We also noted the same wavelength displacements for the LDHs
intercalated with DBS, especially Zn4Al-DBSbe (Fig. 5C-c), for
which the bands corresponding to benzophenone at 249 nm and
359 nm were displaced to 259 nm and 328 nm. Maybe the similar
Zn/Al molar ratios in the precipitated samples did not allow for
observation of large differences among the samples by DRUV–
Vis. Indeed, Zn2Al-DDSbm (Fig. 4A-d), Zn4Al-DDSbm (Fig. 4C-d),
and even Zn2Al-DBSbf (Fig. 5A-b) and Zn4Al-DBSbf (Fig. 5C-b) pre-
sented similar absorption behaviors.
The samples prepared in the microwave oven presented the
highest benzophenone concentration, as shown in Table 2.0
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Table 2
Concentration of benzophenone in different samples.
Sample Concentration
(mg/mL)
Sample Concentration
(mg/mL)
Zn2Al-DDSbf 3.537 Zn2Al-DBSbf 0.998
Zn2Al-DDSbe 0.349 Zn2Al-DBSbe 0.020
Zn2Al-DDSbm 18.183 Zn2Al-DBSbm 0.680
Zn3Al-DDSbf 0.973 Zn3Al-DBSbf 0.179
Zn3Al-DDSbe 15.566 Zn3Al-DBSbe 0.108
Zn3Al-DDSbm 13.465 Zn3Al-DBSbm 10.106
Zn4Al-DDSbf 0.218 Zn4Al-DBSbf 0.079
Zn4Al-DDSbe 0.172 Zn4Al-DBSbe 0.020
Zn4Al-DDSbm 16.466 Zn4Al-DBSbm 0.526
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18.18 mg/mL, which corresponds to 9.09% (w/w) of benzophenone.
For the sample Zn3Al-DBSbm, the highest benzophenone concen-
tration was 10.11 mg/mL, or 5.06% (w/w) of benzophenone.
To investigate the UV photostability of the samples, we submit-
ted the adsolubilization products to UV irradiation for different
periods of time. Even after an exposure of 2 h to the UV radiation,
the samples Zn3Al-DDSbf (Fig. 6A) and Zn2Al-DDSbf (Fig. 6B) re-
tained the band in the region of 250 nm, typical of benzophenone.
After the irradiation, we detected new bands at 300 and 400 nm
and at 300 and 475 nm for Zn3Al-DDSbf and Zn2Al-DDSbf,0,0
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Fig. 6. DRUV-Vis spectra of (A) Zn3Al-DDSbf, (B) Zn2Al-DDSbf, (C) Zn2Al-DBSbf and (D)
90 min and (e) 2 h.respectively, characteristic of benzophenone decomposition. How-
ever, we did not verify these decomposition products by FTIR (not
shown), due to their low content in the sample.
When pure benzophenone was UV irradiated, visual inspection
showed that the sample was fused, but colorless after 15 min of
exposure. After 1 h, the sample had become yellowish. Such color
change was not detected for the adsolubilization products. More-
over, even the sample stored in the dark absorbed radiation in
the region of 400–500 nm and had reduced absorption in the re-
gion of 200–400 nm (not shown).
When the sample Zn2Al-DBSbf (Fig. 6C) was exposed to UV radi-
ation, the absorption intensity diminished during the ﬁrst 30 min
of irradiation, but suddenly started to increase continuously with
time or irradiation, probably because of the inﬂuence of the DBS
surfactant. The same effect was observed by exposing the neat
NaDBS to UV radiation for the same time period (Fig. 6D). This
behavior could be due to surfactant degradation under aggressive
UV irradiation conditions [43,44]. In fact, HPLC analysis evidenced
small amounts of degradation products (not shown).
In order to determine the safety and suitability of the product
for daily use as a dermocosmetic, we accomplished dermal toxicity
tests. Skin irritation tests are recommended for formulations like
sunscreens, for which regular use and no rinsing are indicated.
We prepared a dispersion of the adsolubilization product, to facil-
itate its application and adhesion to the skin. The skin irritation0
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used during the study. No clinical signs of toxicity were observed,
and no body weight loss occurred. Taken together, these observa-
tions suggest the safety of the formula containing adsolubilization
(Zn4Al-DBSbf) and intercalation products like ZHN-4AB and ZHN-
DSD [14,15] for use as sunscreens.
4. Conclusion
PXRD, FTIR, and TGA/DTA conﬁrmed intercalation of the anionic
surfactants dodecylsulfate and dodecylbenzenesulfonate between
the layers of ZnxAl-LDHs. Although PXRD evidenced that more alu-
minum was incorporated into the LDH prepared with higher Zn/Al
molar ratio, all the compositions presented a Zn/Al molar ratio
close to 2:1.
Adsolubilization of benzophenone into layered double hydrox-
ides intercalated with the anionic surfactants was veriﬁed for all
the samples, regardless of the preparation method. The products
obtained by heating in microwave oven displayed good adsorption
in the full UV region; that is, from UVC to UVA. The samples treated
in the microwave oven also presented higher amounts of adsolubi-
lized benzophenone, reaching values of 9.09% benzophenone by
weight. The other preparation methods led to smaller amounts of
benzophenone adsolubilization, but all the compounds exhibited
the desired UV radiation absorption from UVC to UVA. The prod-
ucts still signiﬁcantly absorbed in the UV region even after expo-
sure to UV radiation for 2 h. In some cases, the adsolubilization
led to a synergistic effect between the surfactant pillars and
benzophenone.
The dermal toxicity tests on rabbits did not reveal any dermal
irritation, clinical signs of toxicity, or body weight loss, so the
adsolubilization products were not considered to be skin irritants
under the studied conditions. In conclusion, the approach reported
here can be an interesting alternative for the immobilization of
neutral molecules with UV absorption capability. Other neutral or-
ganic absorbers can also be adsolubilized into layered double
hydroxides intercalated with DDS and DBS and will be reported
in a forthcoming publication.
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